Abstract-The objective of this study is to investigate the effects of metallurgical phase transformation on welding residual stress induced by MIG(metal inert-gas welding) butt-welding in 5083. In the numerical simulations, two separate finite element models are studied. The first one describes a sequentially coupled thermal, mechanical model based on a FE(finite element) analysis software Abaqus, while the second one discusses a sequentially coupled thermal, metallurgical, mechanical model based on another software Sysweld. In the thermo-matallomechanical model, the dependency of yield stress upon temperature and phase fraction is taken into account. A comparative analysis of experimentally validated finite element models has been performed and the residual stress states with and without the metallurgical phase transformation are predicted. The results reveal that the inclusion of metallurgical phase transformation has an effect on the longitudinal residual stresses, but a negligible effect on the distortion.
INTRODUCTION
Aluminum alloy which has light weight, excellent formability, high corrosion resistance and recyclable is widely used in the automotive and shipbuilding industries [1] . Because of moderately high strength, excellent extrusion, and corrosion resistance, 5083 aluminum alloy is suitable for producing complex sectional material using in carriages structure [2] . However, the process of welding inevitably produces unwanted residual stresses in the welded parts. Particularly, tensile residual stresses near the weld area have adverse effects. Welding residual stress may promote brittle fracture, reduce the buckling strength and the fatigue life and increase stress corrosion cracking during service [3] . Thus, predicting the welding residual stresses accurately can help to assure the sound design and safety of the structure.
Recently, aluminum alloy welded structures have been the subject of various works produced. For instance, Cañas J et al. [4, 5] carried out a FE(finite element) analysis to calculate the tensile longitudinal residual stresses which existed over a distance of around 10-15 mm either side of the weld centerline and used blind hole drilling methods to assess the residual stress in MIG butt-welded plates of 5083-O aluminum alloy. Cheng C M [6] analyzed and compared the magnitude and differences of residual stresses in aluminum alloys at different single V-groove GTAW (gas tungsten arc welding) buttwelding angles in restrained or unrestrained conditions. Edwin Raja D J and Somasundaram K [7] proposed the development of finite element model which was called neural network model to predict the residual stresses in butt-welding. Zain-ulAbdein M et al. [8, 9] predicted the laser beam welding induced distortions and residual stresses with the commercial finite element software Abaqus. Other published works [10] [11] [12] [13] [14] focus upon factors affecting residual distortion in stiffened panels like loading and boundary conditions, geometry of the specimen, welding process parameters etc.
For aluminum alloy, to evaluate the residual stresses and distortion accurately, metallurgical phase transformation should be considered. Metallurgical analyses of 5083 have been studied by some researchers. Yang S L et al. [2] studied microstructures and properties of MIG joint of 5083 aluminum alloy used in the high-speed vehicle. Hirata T et al. [15] performed the relationship between the microstructure of stir zone and the mechanical property of FS-welded 5083 aluminum alloy. Robson J D et al. [16] established microstructural modeling for friction stir welding of aluminum alloys. Finite element analysis of metallurgical phase transformation in MIG(metal inert-gas welding) butt welding of 5083 is still rare to be found in the published work.
This work aims to predict welding residual stresses in the butt-welded 5083 aluminum alloy plates using two different strategies. A thermo-mechanical analysis without metallurgical phase transformation is performed using Abaqus; while a thermo-metallo-mechanical analysis with metallurgical phase transformation is done using Sysweld. Effects of metallurgical phase transformation on residual stresses in butt welding are further investigated.
II. EXPERIMENTAL PROCEDURE
5083 aluminum alloy was adopted in this experiment. The dimensions of the base plate used were 250 mm × 90 mm × 4 mm.The V-shape (60°) butt joint configuration, as shown in Figure Ⅰ , was prepared for joining the plates. Filler wires of material Al-Mg alloy ER5356 and of diameter 1.6 mm were used to create weld bead.
Single-pass MIG butt weld was performed with a beam power of 2500 W and a travel speed of 7.5 mm/s. Weld pool was shielded using 99.99% Argon gas with a flow rate of 15 L/min. The HDSG (Hole Drilling Strain-Gauge) method was used for measuring residual stresses. The application of this method and calculating residual stresses was discussed in details [17] . 
FIGURE II. HOLE DRILLING MEASURING SYSTEM, (A) GLUING POSITION OF STRAIN GAUGE, (B) STRAIN MEASURING INSTRUMENT
Although the angles between gages can be arbitrary, a 45-degree angular increment leads to the simplest analytical expressions, and thus has become the standard for commercial residual stress rosettes. The principal stresses present at the hole can be obtained from the following equations (1), (2) after measuring released strain:
where ε 1 , ε 2 , ε 3 are the released strains measured by the straingauges of a rosette at α 1 , α 2 , α 3 , respectively, α 1 is the acute angle from the nearer principal axis to gage no. 1, while α 2 =α 1 +45° and α 3 =α 1 +90°; σ max , σ min are the maximum (most tensile) and minimum (most compressive) principal stresses present at the hole location; A and B are the coefficients related to mechanical properties of the base metal and the hole diameter.
III. FINITE ELEMENT MODELING
In this work, as the welded plate is symmetric with respect to the weld center line, a symmetric model is selected as the finite element (FE) analysis model. The FE model is shown in Figure Ⅲ with eight-nodded brick elements. It has a fine grid in the welding zone, and the size of the mesh increases progressively away from the weld center line. The smallest element is 2 mm × 0.5 mm × 0.5 mm. The length, the width and the thickness of the model are 250 mm, 90 mm and 4 mm, respectively.
FIGURE III. PLATE MODEL USED FOR SIMULATION
As the plate is not clamped during welding, boundary conditions are just used to prevent rigid body motion. The boundary condition is shown in Figure Ⅳ . Because of the symmetry of the FE model, symmetry boundary condition is used in the symmetry plane. The point P1 in Figure Ⅳ is constrained in the y-direction and the z-direction; and the point P2 is constrained only in the z-direction. P1 and P2 are the start point and the end point of the line in the symmetry plane, respectively. where Q is the magnitude of the heat input per unit time (Q=ηUI); f f and f r are the parameters which give the fractions of the heat deposited in the front and the rear parts, respectively. Note that f f + f r = 2. η is the arc efficiency which is assumed to be 70% for the MIG welding process. Therefore, two ellipsoidal sources are combined: one for the front half and the other for the rear half. The parameters a r , a f , b and c h are related to the characteristics of the welding arc.
For Abaqus simulation, the heat source with a volumetric heat flux q v for the moving welding arc is modeled by a user subroutine in Abaqus. The parameters of the heat source are adjusted to create the desired melted zone. While for Sysweld, a double-ellipsoid heat source was calibrated using the in-built heat-source fitting tool and applies the heat flux as accurately as possible. Owing to the symmetry of butt joint, the heat source applied on one side of the stiffener essentially implies the presence of a similar heat source on the opposite side.
Although the filler wire of ER5356 is also Al-Mg Alloy, non obvious precipitation phase is observed in the weld metal [2] . For simulation, it is assumed that filler metal and base metal have the same thermal physical properties and mechanical properties.
V. SIMULATION RESULTS AND DISCUSSION

A. Thermo-metallurgical Analysis
Dissolution of GP (Guinier-Preston) zones starts with an increase in temperature. In this work, as some new precipitates appear at certain higher temperatures only, the various precipitates present at different temperature ranges were identified.
The microstructure of 5083 base metal is α-Al solid solution, with little amount of skeletal Al8Mg5 precipitate phase [2] . The precipitates present in the state of BM (base material) are called as Phase 1. The recrystallized and weak material appearing in the HAZ(heat-affected zone) is called as Phase 2. The phase transformation from initial material (Phase 1) to weak material (Phase 2) defines the size of the heat affected zone. Phase 3 refers to the new material appearing in the FZ(fuse zones) after solidification and the material deposition in the form of filler wire [19] .
In thermo-metallurgical analysis, Figure Ⅴ is the contours of the fusion zones calculated by Abaqus and Sysweld. The cross-section contours at the butt joints represent the fusion zones for Abaqus and Sysweld. From this figure, the image of penetration shapes (molten zones) with peak temperature higher than 600 °C (the melting point of aluminum alloy) can be seen. In general, Abaqus and Sysweld have a good agreement. Minute difference for Abaqus and Sysweld appears negligibly small due to the various numerical effects in the finite element treatment of the heat source and the activation and deactivation management. 
B. Mechanical Analysis
In the mechanical analysis, the same FE mesh used in the thermal analysis is employed. The thermo-physical properties are assumed identical with all the phases in both the Abaqus and Sysweld simulations. As far as temperature dependent mechanical properties are concerned, Abaqus simulation makes use of the properties of Phase 1 only, while Sysweld simulation exploits properties of all the three phases. The mechanical properties for different phases are reported in Table Ⅰ . The second step of the current analysis involves the use of the thermal histories predicted by the previous thermal model as an input (thermal loading) for a mechanical model. The material is assumed to follow an elastic-plastic law with isotropic hardening behavior (von Mises plastic model). Unlike the phase transformation in some steel from ferrite to austenite upon heating and then to martensite upon cooling, the transformation in 5083 is independent of the volumetric changes of the crystal lattice structure. In this study, phase transformation-induced volume change and plasticity are not taken into account. Ignoring this component, the total strain rate can be written as follows:
where ε is the total strain rate, e ε is the elastic strain rate, th ε is the thermal strain rate and p ε is the plastic or inelastic strain rate.
The elastic part of the strain is defined by Young's modulus and Poisson's ratio, for isotropic material; while the thermal strain is defined with the help of a thermal dilatation coefficient. The transformation in 5083 is independent of the volumetric changes of the crystal lattice structure, therefore, the thermal dilatation coefficient for 5083 changes linearly with temperature.
The plasticity criterion specifies the 3D stress state with respect to the start of plastic flow and determines, therefore, the elastic domain is defined in space in terms of stress, temperature and hardening variables. The yield function, f defines the limit to this elastic domain and may be written as follows:
where f is the yield function that defines the limit of the region of purely elastic response, σ is the stress, T is the temperature and Hiso shows the isotropic hardening parameters.
where
ε is the plastic strain rate, g(σ, T, Hiso) is the flow potential, σeff is the Von Mises effective stress, S is the deviatoric stress, and η and n are the viscosity parameters [8] .
The effect of metallurgical phase transformation takes the form of the yield strength, σ y = σ y (ε p , T, p), where p is the transformed fraction of each phase. As the metallurgical phase transformation, transformed fraction of each phase effects yield strength σ y . Thus, the dependency of yield stress on phase fraction and temperature is important to the numerical simulation result. Figure Ⅶ shows the longitudinal residual stresses (stresses in the welding direction) and the transverse residual stresses (stresses in the welding direction) predicted by Abaqus and Sysweld simulations in the weld region and HAZ. It is observed that there is a considerable difference between the cases with and without phase transformation (as shown in Figure Ⅶ (a) ). Generally, without lower temperature phase transformation, the residual stress level in the FZ and HAZ is almost as large as the yield stress of the welded material at room temperature. For the case of thermo-mechanical analysis (Abaqus), it is found that the longitudinal stress approaches 210MPa and is largely tensile in the FZ and HAZ.
C. Comparison of Welding Residual Stresses and Distortion
For the case of thermo-metallo-mechanical analysis (Sysweld), the longitudinal residual stresses in the FZ are still tensile, but its magnitude decreases obviously. The lower stresses can be explained by the phase transformation from initial material (Phase 1) to weak material (Phase 2). As the yield strength values of Phase 2 much lower than the Phase 1 (Table 1) , increasing percentage of Phase 2 will result in a rather reduced level of stresses.
From the result shown in Figure Ⅶ(b) , it can be observed that the transverse residual stresses are nearly wholly tensile and reduce to zero as the increasing distance from the weld center line. The transverse residual stresses resulting from Sysweld simulation follows a trend similar to that of Abaqus simulation. The results also reveal that the phase transformation has only a small influence on the transverse residual stresses. Here, the effect of phase transformation upon them can be neglected due to their already lower magnitudes. (1) Based on the FE model, the effect of metallurgical phase transformation on the residual stresses and the welding distortion are investigated. The phase transformation leads to a decrease of the material properties which influence the residual stress states.
(2) The effects of metallurgical phase transformation on the longitudinal residual stresses are clearly shown in the large difference in peak value and the shape in FZ and HAZ.
(3) The metallurgical phase transformation has a very small effect on the transverse residual stresses and the distortion.
(4) According to the above simulation results, the metallurgical phase transformation of 5083 should necessarily be considered in order to predict the residual stress state accurately, especially longitudinal residual stresses, in the simulation of MIG welded structure.
